Hurricane Irma passed around 100 kilometres north of Puerto Rico on September 6, 2017. Just two weeks later the island took a direct hit from the even more powerful hurricane Maria. Both storms rank among the most powerful Atlantic hurricanes recorded, and they caused widespread devastation and multiple deaths along their paths through the Caribbean.
Just half a year before, Ben Gottesman from the Center for Global Soundscapes at Purdue University, West Lafayette, Indiana, USA, and colleagues had set up acoustic monitoring equipment in coastal forests and coral reefs of Puerto Rico's southwest coast. They were just hoping to record the acoustic profi le of the changing biodiversity from the forests to the sea, but the tropical storms provided them with a unique dataset showing how nature responds to a major disaster -or two.
The recordings showed a range of different effects in the aftermath of the storms. Snapping shrimps, famous for producing one of the loudest noises known in marine biology, were silenced during hurricane Maria and took several days to resume their daily routine, with snapping peaks at dawn and dusk.
By contrast, the nightly fi sh chorus, which helps fi sh fi nding mates and defending spawning territories, but may also attract the attention of predators, became bolder during hurricane Irma. Gottesman and colleagues have suggested that the increase in ocean water turbidity caused by the passing hurricane may have shielded the fi sh from predators and thus enabled them to be more vocal.
In the coastal dry forests, the recordings show a marked reduction of insect noises after hurricane Maria, which lasted for about three weeks. This work, presented at the Ocean Science Meeting in Portland, Oregon, by Felix Martinez from the NOAA National Centers for
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Listening to the sounds of the biosphere
The sounds that living organisms make can help biologists to identify, track and study individuals and populations, but also to understand their interactions with their environment, which comes with its own tapestry of sound that may help or hinder the species. This realisation, along with technology enabling the analysis of complex sound mixtures, has produced a new fi eld now known as soundscape ecology. One of its strengths is its ability to provide a simple assessment of how biotopes respond to environmental change. Michael Gross reports.
Coastal Ocean Science in Ann Arbor, Michigan, USA, shows how simple sound recordings can monitor nature's response to environmental change. In this example of short-term impacts from catastrophic storms, both terrestrial and marine environments recovered their soundscapes within weeks.
Chronic disturbances such as land-use change or climate change, however, may very well lead to permanent changes in the natural soundscape. One of the pioneers of soundscape ecology, Bernie Krause, a professional musician and sound engineer based in Glen Ellen, California, USA, has used sound monitoring over many years to demonstrate biodiversity loss, which may very well manifest as a 'silent spring' as predicted in the eponymous book published in 1962 by ecologist Rachel Carson.
Krause also defi ned the essential vocabulary of the fi eld, including geophony, biophony, and anthropophony, for sounds produced by inanimate, biological, and man-made processes, respectively, as well as the acoustic niche, representing the acoustic equivalent of an ecological niche. Both natural and human sources of sound can cause problems for species that depend on sound for feeding, navigation and/or communication, such as cetaceans.
Whale songs
The increasing exposure of marine environments, including the hitherto pristine polar waters, to ship traffi c and the concomitant noises are widely recognised as a threat to marine mammals such as whales, which tend to rely on sound for navigation and communication. Therefore, ecoacoustic studies in the marine environment often focus on the acoustic behaviour and needs of one species and the way in which it interacts with the wider soundscape, especially if the latter is changed by human activities.
Aran Mooney from the Woods Hole Oceanographic Institution, USA, and colleagues, for instance, have studied the hearing ability of a wild population of beluga whales (Delphinapterus leucas) and analysed the soundscape of its natural environment.
The researchers used techniques derived from hearing tests used for infants and adapted them to the marine environment such that the sensors used to pick up brain activity could be attached to the whales' heads with suction cups (J. Exp. Biol. (2018) 221, jeb171959) . Compared with previous studies on bottlenose dolphins and humans, they found that belugas appear to be less likely to suffer hearing loss with age. This, the authors suggest, may be the case because both humans and dolphins tend to live in noisier environments than beluga whales.
They then went on to characterise the acoustic environment in the population's habitat in Nushagak Estuary at Bristol Bay, Alaska (J. Ecoacoust. (2018) 2, #QZD9Z5). They found that their very sensitive hearing enables the belugas to pick up the full range of sounds present in their habitat, including very quiet ones. Narwhals (Monodon monoceros) also rely on sound for echolocation and feeding and have increasingly found attention as a sentinel species for the impact of climate change in the Arctic. An acoustic analysis by Jens Koblitz from the Bioacoustics Network, Germany, together with Kristin Laidre from the University of Washington at Seattle and colleagues found that the narwhal echolocation clicks are emitted as a very strong and extremely focused beam (PLoS One (2016) 11, e0162069) .
The researchers conclude that the narwhals are well adapted to hunting with echolocation in the geologically unique 'acoustic bowl' at Baffi n Bay, where most of these animals feed during winter time. Echolocation enables them to navigate and fi nd prey in permanent darkness at great depths, diving beyond 1,500 metres. When they come back up for air, the focused beam also enables them to fi nd gaps in the dense ice cover, which will normally have moved since they started the dive.
With increasing shipping in the Arctic, however, there is concern that the anthropogenic noise will affect these narwhals, especially in their summer feeding grounds in Lancaster Sound, which is close to the Northwest Passage (Curr. Biol. (2018) 28, R803-R805).
More recently, Susanna Blackwell from Greeneridge Sciences Inc. (a company that produces acoustic sensors and is based at Santa Barbara, California, USA) and colleagues reported extended acoustic monitoring and satellite tracking of six narwhals in Scoresby Sound, East Greenland for up to seven days (PLoS One (2018) 13, e0198295). The researchers found that the narwhals stayed silent for around a day after release, highlighting the importance of longer term observations.
When the animals resumed their normal activities, the monitoring showed that they produced echolocation buzzes mainly at depths of 350 to 650 metres and especially in one specifi c fjord which may be their preferred feeding location. Social calls, by contrast, were typically produced closer to the surface.
Anthropogenic noise impacts the soundscape experienced and used by whales by reducing the space across which the animals can communicate with sound. In a recent model study, Danielle Cholewiak from the NOAA's North East Fisheries Science Centre at Woods Hole, USA, and colleagues have quantifi ed this effect for four different species of baleen whales in a marine protected area, the Stellwagen Bank National Marine Sanctuary (Endang. Species Res. (2018) 36, 59-75) .
A previous analysis in 2012 had shown that some North Atlantic right whales (Eubalaena glacialis) may have lost two thirds of their communication space when foraging in essential habitat, based on a comparison of current ambient noise with an estimate of pre-industrial noise levels (Conserv. Biol. (2012) 26, 983−994) . Now, Cholewiak and colleagues have extended the analysis to be able to compare the impact of noise on fi ve different communication modes of four baleen species, including fi n whale song, humpback whale social sounds, humpback whale song, minke whale pulse trains and right whale gunshot sounds, and also to differentiate between the contributions of different kinds of vessels ranging from large commercial vessels for which satellite tracking data are routinely available (Curr. Biol. (2018) 28, R89-R92) to smaller, locally based vessels used for fi shing or whale watching.
The study found that the larger vessels contributed most to the disturbance and that some of the species had their communication space reduced by 80% compared with pre-industrial noise levels.
In separate work, Rosalind Rolland at the New England Aquarium, in Boston, USA, and colleagues have shown that right whales suffer symptoms of chronic stress linked to ship noises. This work was originally conceived as a general investigation of health and hormones levels in whales, but the shutdown of traffi c after the September 11 attacks in 2001 provided the opportunity to compare the hormone levels in the absence as well as in the presence of shipping.
More recently, in a study of humpback whale foraging behaviour and their acoustic environment, Hannah Blair from Syracuse University, USA, and colleagues also found evidence suggesting that the presence of shipping noise leads to stress in the whales (Biol. Lett. (2016) 12, 20160005) .
New discoveries around the importance of sound for the lives of cetaceans are still being made quite regularly. For instance, while humpback whales (Megaptera novaeangliae) are known for "If humpback whale song is like classical music, bowheads are jazz," Stafford said. "The sound is more freeform. And when we looked through four winters of acoustic data, not only were there never any song types repeated between years, but each season had a new set of songs."
The research showed that bowhead whales are a kind of musician you may not want to have as a neighbourthey sing loudly, 24 hours a day, from November through to April. As their singing season falls into the Arctic winter and mainly happens under ice cover, it had remained unknown until now and was only discovered with the help of new hydrophones that can be deployed under these conditions. Thus, the evolutionary and ecological importance of the bowheads' all-winter jazz session, i.e. their acoustic niche in the wider marine soundscape, remains to be uncovered.
Terrestrial soundscapes
Even with the efforts of snapping shrimps and bowhead whales, the oceans tend to be a relatively quiet place. In terrestrial ecosystems, however, sounds produced by many vociferous species tend to compete with each other as well as with the geophony of the wind and water cycle and with the increasingly ubiquitous noise emitted by humans and their machines.
With such a complex mixture of sounds, recordings are easy to make and can be interpreted in terms of loudness and diversity, but deconvolution for detailed interpretation is likely to become more challenging.
In a recent proof-of-principle study of the feasibility of ecosystem monitoring via sound recording, Nick Friedman and colleagues from the Okinawa Institute of Science and Technology, Japan, have set up a network of 24 long-term acoustic monitoring stations along a gradient of urban to rural environments on the main island of Okinawa. This acoustic monitoring is part of a wider environmental monitoring project that also includes cameras, arthropod traps, as well as environmental and weather recording facilities.
A preliminary report from this project uses data collected at fi ve of these sites over one month to establish the possibilities and challenges to be encountered in the analysis of such datasets (Ecol. Res. (2018) 33, 135-147) . For this investigation, the stations recorded 10 minutes of audio every half an hour. Using machine learning approaches for automatic species recognition, the authors managed to implement reliable recognition of several bird species, including two that are of conservation interest and high cultural signifi cance.
On the other hand, acoustic parameters don't always align with biological parameters in the expected ways. For instance, acoustic diversity, as defi ned by the diversity of 1 kHz frequency bands observed, did not correlate with biodiversity. Instead, this parameter was found to decrease with increasing forest cover.
Moreover, some of the observation parameters were prone to being swamped by highly abundant and noisy species, such as cicadas. Therefore, the authors emphasize the need to cross-correlate the acoustic recordings with other kinds of information gained from the observation network, to ensure the acoustic changes are interpreted correctly. With this, state-of-the-art machine learning technology should also prove very valuable.
A full-scale analysis of a complete year including seasonal changes is currently being fi nalised and is due to be presented at conferences soon. "The Ryukyu Soundscapes project, as I've been calling it, has been really popular here with our public outreach efforts," Nick Friedman observes. "The changing of the seasons is an important part of Japanese culture. For example, in the spring a standard way to begin a formal letter is to comment on whether the Japanese Bush Warbler (uguisu) has begun to sing. Likewise Okinawan people get a very summer kind of feeling from the sound of the Ruddy Kingfi sher (akashoubin). So here especially I think the idea that animal sounds make up an important part of our human experience is one that sticks with people."
The steady seasonal change of the natural soundscapes has also been monitored in Alaska, where a network of 62 monitoring stations has been set up at the Kenai National Wildlife Refuge (Landscape Ecol. (2016) https:// doi.org/10.1007/s10980-015-0323-0). Meanwhile, applying the approach to the study of more abrupt change, Amandine Gasc from the Center for Global Soundscapes and colleagues have studied the aftermath of a devastating wildfi re that occurred at Chiricahua National Monument, Arizona, USA in 2011 (Landscape Ecol. (2018) https:// doi.org/10.1007/s10980-018-0675-3).
Listen to the earth
Technology enabling the distributed recording of sound at many sites and over long periods is beginning to prove helpful as a way of monitoring environmental change. The Center for Global Soundscapes, for instance, has set up a citizen science project through the app 'Record the Earth' (available for iOS and Android) with the aim of establishing a global sound archive.
Sophisticated analysis using machine learning to analyse such data sets may even be able to pick up species decline before it becomes detectable with conventional methods. Thus, listening closely to the complex orchestra of species can help us prevent the catastrophe that the biosphere may one day fall silent. Pub.L. 115-97, 2017 ) that would have made graduate education unviable for all but the wealthy and privileged few -or those willing to incur exorbitant debt -were ultimately defeated in the US Congress. However, this legislative agenda and other such nefarious actions (e.g., the "Professor Watch List", the PROSPER Act (H. Rept. 115-550, 2017) ) betray an alarming ignorance of the benefi ts provided by graduate students and an invigoration of those holding contempt for higher education and the students pursuing it.
Politicization of the pursuit of higher learning obscures the many contributions made by graduate students. In the face of growing distrust and trivialization of graduate education, we here outline some of the indispensable services that graduate students -particularly those working in the STEM fi elds -provide to universities, undergraduate populations and society as a whole (Figure 1) . With this argument, we aim to dispatch the puzzling and persistent sentiments that the work of graduate students is wasteful and does not translate into tangible benefi ts.
Benefi ts to universities
One benefi t that graduate students provide to universities is to sustain the research funded by external organizations, governments, NGOs, foundations and the like. This funding provides a steady revenue stream of overhead payments to help cover the costs for research infrastructure and general operating needs of the universities themselves. For instance, federal grants supporting research at Harvard Medical School are subject to My Word a 69.5% facilities and administration charge [3] . While the lion's share of these funds comes from grants awarded to well-established researchers, the execution of research plans would be diffi cult without the graduate student (and technician) workforce. Reduced graduate student numbers thus could stymie the fl ow of private and federal monies into university coffers.
In addition to large grants going to principal investigators, graduate students themselves bring in signifi cant funds to their institutions. In 2017, the National Science Foundation (NSF), for instance, awarded approximately $24 million to colleges and universities in the form of 'cost-of-education allowances' for awardees of the Graduate Research Fellowship Program. Universities benefi t, both politically (in reputation) and monetarily (via overhead), when graduate students are awarded these grants, despite cries of "unworthy" spending from members of Congress, such as Representative Lamar Smith (R-TX), Chair of the House of Representatives Science Committee. Devaluing graduate students devalues graduate school. If the university environment becomes untenable for innovative and impactful research, then university administrators can expect an exodus of academicsalong with their prestige and overheadto private industry.
Beyond the cessation of cash fl ow from grants, universities' bottom lines likely would suffer if they lose the cheap, but highly-skilled, labor that graduate students provide to STEM departments. The clearest examples of these services can be found in the teaching laboratories across the nation. For instance, in the Department of Biological Sciences at Clemson University, a public university in South Carolina, the starting salary for a graduate teaching assistant is $21,000 (since August 2017). However, this precludes graduate school fees, which totaled $2,865 for the 2017-2018 academic year. As such, Biology graduate teaching assistants take home $18,135 per year, or $348.75 per week before taxes. If a graduate student works 50 hours per week (i.e., 20 hours teaching plus 30 hours of research, which is a typical workload for graduate teaching assistants), they will earn $6.98/hour -$0.27 below the federal minimum wage. Shockingly, the pay that biology graduate teaching assistants
